Methods and Material Developed beyond Conventional Nanoimprint by Luo, Bingqing
  
 
 
METHODS AND MATERIAL DEVELOPED BEYOND CONVENTIONAL 
NANOIMPRINT 
 
 
A Dissertation 
by 
BINGQING LUO 
 
Submitted to the Office of Graduate and Professional Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Chair of Committee,        Jun Zou 
Committee Members, Xing Cheng 
 Arum Han  
                                          Zheng D Cheng 
Head of Department, Miroslav Begovic 
 
December 2016 
 
 
Major Subject: Electrical Engineering 
 
Copyright 2016 Bingqing Luo
 ii 
  
ABSTRACT 
 
Nanoimprint lithography (NIL) has been regarded as one of the next-generation 
lithography techniques due to its ability to fabricate nanoscale structures with low cost 
and high throughput. Although both thermal and UV nanoimprint have demonstrated 
sub-10 nm resolution, the adoption of NIL by industry has been very limited. The main 
reasons are that the density of pattern defects and low throughput cannot satisfy the 
stringent requirement of commercial lithographic technique. In this study, methods and 
material have been developed to overcome the limitations beyond conventional 
nanoimprint by utilizing three main factors: mold, the interface between mold and resist, 
and resist.   
In the study, we first developed a new synergistic thermal and UV nanoimprint 
lithography (STUV-NIL). A transparent mold is integrated with a transparent metal 
oxide heater, which enables resists to be cured by thermal energy and UV light 
spontaneously. This new STUV-NIL combines thermal and UV techniques into one 
module and helps throughput improvement and reducing mold-resist adhesion and hence 
defect generation.  
In the second part of this study, the thermal behavior of a polycarbonate resist 
was investigated by characterization of polycarbonate gratings reflow after thermal 
annealing. The observation of exceptional thermal stability of entangled polycarbonate 
polymer opens up new routes of step-and-repeat thermal nanoimprint and high resolution 
patterning. 
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The adhesion characteristic between polymers and the mold is a critical factor in 
the demolding process. In the third part of our study, polycarbonate residual layer has 
been applied as an anti-sticking treatment on nanoimprint molds, replacing the self-
assembled monolayer currently used. It satisfies the requirements of not only low surface 
energy but also low reactivity for durability.  
Polymerizations in UV NIL are generally accompanied by shrinkage in volume, 
which causes serious problems such as residual stress, demolding problems and defects. 
Epoxy-based UV resists have a volume shrinkage in the range of 3% to 10%. In the 
fourth part of our study, spiro-orthocarbonate, which undergoes volume expansion upon 
cationic ring-opening polymerization, has been mixed with an epoxy monomer to adjust 
the volume shrinkage of the cured resist and achieve zero volume change after curing.  
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 General Introduction 
Since the first silicon-based metal oxide semiconductor field effect transistor (Si-
MOSFET) was invented in the mid-60s, for past decades, shrinking the device feature 
size has been a driving force for the development of the semiconductor technology and 
integrated circuit (IC) industry. With decreasing the feature size, the device’s 
performances can be greatly enhanced and at the same time, high degree of integration 
significantly lowers the cost of integrated circuit (IC) production. The conventional 
optical lithography has supported continuous reduction in device size required by the 
semiconductor IC industry. However, this shrinkage trend is blocked by the resolution 
limit of conventional lithography techniques, which is fundamentally related to the 
wavelength of the exposure light. In recent years, the requirement for sub-100 nm 
feature size devices has stimulated the lithography technique to new levels in 
semiconductor industry. Next generation lithography (NGL) tools have been proposed 
including immersion-assisted photolithography, 157-nanometer lithography, extreme 
ultraviolet (EUV) lithography, projection-electron lithography [1], electron beam 
lithography (EBL) [2], and X-ray proximity lithography [3]. However, all these 
technologies systems are very complicated and expensive, and various technical barriers 
need to be overcome before practical use for manufacturing. New lithographic 
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techniques are imperative needed for high resolution and low cost in micro- and nano-
fabrication. 
 
1.2 Next Generation Lithography  
According to the International Technology Roadmap for Semiconductors (ITRS) 
report in 2015 (Figure 1): extreme ultraviolet lithography (EUVL), directed self-
assembly (DSA) and nanoimprint lithography (NIL) are proposed as candidates for the 
next-generation (7 nm node and beyond) lithography techniques. However, EUVL [4-6] 
needs an expensive lens, lacks a suitable light source, and material absorption due to its 
high energy remains an issue; and directed self-assembly (DSA) [7, 8] has the defect 
issue. A high resolution and low cost lithography tool needs to be developed.  
 
 
                                Figure 1 ITRS Report, 2015: http://www.itrs.net/. 
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1.3 Nanoimprint Lithography 
Since 1995, nanoimprint lithography (NIL), initially demonstrated and developed 
by Stephen Chou’s group [9, 10], has emerged as one of the most promising lithography 
tools for high-throughput, high resolution, low cost, and simple nanoscale patterning. It 
consists of transferring the pattern from a mold to a resist layer through application of 
elevated temperature and high pressure or UV light.  Depending on which mechanism is 
used, NIL can be categorized into thermal NIL and ultraviolet NIL. The schematics of 
both NIL processes are shown in Figure 2. In both techniques, a mold is first fabricated 
by high resolution lithography such as EBL and reactive ion etching (RIE). Then the 
mold is treated with a surfactant coating for anti-sticking effect in the demolding process.   
 
 
Figure 2 Schematics of thermal nanoimprint and UV nanoimprint lithography. 
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For thermal NIL, a thin layer of thermoplastic polymer is spin-coated on the 
substrate. The mold is brought into contact with the polymer-coated substrate and then 
the whole assembly is heated up to 70-80 ℃  above the polymer’s glass transition 
temperature (Tg) and applied a suitable pressure, thereby imprinting contrast patterns in 
the polymer layer. After cooling down to the room temperature (RT), the mold is 
released from the substrate and the solidified patterns are formed on the substrate. At the 
same time, a thin layer of resist is often left underneath the patterns, which is referred as 
residual layer, and commonly needs to be removed by oxygen reactive ion etch for 
succeeding applications.  
With simple tools and processing, thermal NIL has demonstrated sub 10 nm 
resolution [11], 3D patterning capability [12] and multi-level alignment with sub 500 nm 
accuracy [13]. Compared to traditional photolithography, this imprint process can easily 
scale down the feature size without limitation in resolution, and the minimum replication 
pattern is only limited by the mold pattern size. The thermal polymer resists (most 
conventionally poly(methyl methacrylate) (PMMA) or polycarbonate) and nanoimprint 
tools are commercially available at low price, which make thermal NIL a cost-efficient 
lithographic technology for mass production. The compatibility of patterning diverse 
polymers enables great potential in applications in the field of nano-electronics [14-20], 
nano-magnetic [21], and nano-biology [22-25]. 
For UV NIL, a UV curable liquid material is used as the alternative resist. The 
mold used in UV NIL must be highly transparent to UV light and is often made of fused 
silica. UV curable imprint resist is spin-coated on a substrate and pressed by the mold 
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with a low pressure. While maintained being pressed, the whole assembly is irradiated 
by UV for curing. Once the resist is cured and hardened, the mold is released. 
 UV-NIL utilizes UV induced polymerization to convert the imprinted liquid 
patterns to solid form, enabling the imprint pressed under a relative low pressure at room 
temperature, which are distinct advantages over its counterpart thermal NIL. The UV 
resist can be cured by UV irradiation within a few seconds while more than 10 min is 
necessary in thermal NIL for the heating up and cooling down stages. Hence UV NIL 
yields a higher throughput.  
If the UV curable resist is dispensed on a substrate, the process would be called 
step and flash imprint lithography (S-FIL), which is first introduced by Grant Willson’s 
group in 1999 [26]. The steps of S-FIL are shown in Figure 3. S-FIL is very attractive in 
modern microelectronic industry because of its easy step and repeat imprinting (Figure 4) 
[27] over large substrates, which leads to major applications in integrated circuit 
fabrications.  
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Figure 3 Schematics of the SFIL process [26]. 
 
 
Figure 4 Schematics of the step and repeat NIL process [27]. 
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1.3.1. Nanoimprint tools 
Since NIL has attracted great attention and stimulated huge interest in academic 
research and industry, it promotes the development of business in nanoimprint tools and 
solutions. Since the invention of the nanoimprint technique, there are now at least 5 
nanoimprint tool vendors, and more than 10 nanoimprint template and service providers. 
There are many corporations focusing on this business field, such as Nanonex, 
Molecular Imprints and etc. A manual hydraulic press machine (Specac Co.) applied in 
thermal NIL is shown in Figure 5. The machine mainly consists of two heating platens 
and a pressing tool, which can be conducted imprint with adjustable pressure and 
temperature for thermal NIL. A compact full-wafer imprintor (Nanonex NX-2500) is 
shown in Figure 6, enabling both thermal and UV NIL, and is able to achieve full wafer 
(up to 6") processing with sub-micron overlay alignment accuracy. 
Currently a variety of novel nanoimprint tools is commercially available. The 
LithoFlexTM 350 (Molecular Imprints Co.) is configurable for plate-to-roll or roll-to-
plate imprint, which leads to great flexibility and high throughput. The NX-2600 
(Nanonex Co.) integrates NIL with photolithography technique, which can perform all 
forms of nanoimprint and high resolution photolithography. The development in NIL 
research has made this technology competitive with the mainstream next generation 
lithography techniques. 
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Figure 5 Hydraulic press machine. 
                                                   
 
Figure 6 Compact full-wafer imprintor. 
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1.3.2. Nanoimprint mold 
In NIL, the minimum pattern replicable is only limited by the pattern size on the 
mold because of its physical replication mechanism. It is crucially important to fabricate 
the mold with high precision. The NIL molds are usually made of rigid materials, such 
as Si, SiO2 and Ni [28, 29] considering not only hardness and durability but also 
compatibility with conventional nanofabrication techniques. Additionally, small thermal 
expansion coefficients are required in thermal NIL to avoid pattern distortion and 
alignment inaccuracy. The commonly used fabrication process of the Si or SiO2 mold is 
illustrated in Figure 7. A resist layer is firstly spin-coated on the Si or SiO2 surface and 
defined desired mold patterns by lithography, such as photolithography for microscale 
features or electron beam lithography for nanoscale features. For ultra-high resolution, 
there are also other patterning technologies such as EUV lithography, AFM tip-based 
direct writing, X-ray lithography, directed self-assembly process, and interference 
lithography for large-area periodic features. After the removal of the residual layer, a 
layer of metal is deposited over the patterned resist, followed by a lift-off process to 
maintain a patterned hard mask on the substrate. Si material in the exposed region is 
etched away by a RIE process, which produces relief structures for NIL. For UV NIL, 
quartz mold is widely used where UV transparency is a must.  
 
 10 
  
 
Figure 7 Schematics of the Si mold fabrication [29]. 
 
In some cases, there are alternative materials used for NIL mold, including 
diamond [30, 31], silicon carbide [32], even some polymeric materials that have a 
sufficient Young modulus typically in biomedical applications, such as 
poly(dimethylsiloxane) (PDMS) [33] and the cured thermal-set polymers [34, 35]. Small 
diameter, single-walled carbon nanotubes is used as NIL mold by Feng hua et al [36], 
which achieves feature sizes as small as 2 nm as shown in Figure 8. It is comparable to 
the size of a single molecule.  
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Figure 8 AFM images of a SWNT master and polymer nanostructures replicated by 
imprinting using the SWNT master [36]. 
                           
          There is also a variety of nanoimprint templates commercially available with 
dimensions scales from 25 nm to tens of microns as shown in Figure 9. Micrometer and 
larger structures can be easily fabricated using commercial photomasks. 
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1.3.3. Nanoimprint mold surfactant coating 
A high density of nanoscale protrusion features on the mold surface increases the 
total contact area between the mold and the polymer layer and therefore leads to a strong 
surface adhesion of the imprinted polymer to the mold [37-39]. Surface adhesion is a 
major factor determining the ease of demolding. If the adhesion is strong, the demolding 
100 nm meander lines (from NILT) 175 nm diameter pillars (from NILT) 
Wire grid pattern (from Eulitha) High density nanostructures (from Eulitha) 
Figure 9 Commercially available nanoimprint templates. 
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process can result in significant damage to the pattern or the template. One most widely 
adopted solution in order to reduce surface adhesion is treating the mold surface with 
anti-sticking agents coating. This can be done by spin-coating [40] or plasma deposition 
[41], or by self-assemble molecules (SAMs) deposition [42]. The SAMs process can be 
achieved either in solvent or in vapor-phase coating. 
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FDTS) is a commonly used 
surfactant which can be deposited on the mold surface either by vapor evaporation or in 
solvent phase through a silanization process. Formation of a monolayer of FDTS 
molecules on SiO2 substrate is shown in Figure 10. The water adsorbed on the silicon 
surface reacts with the hydrophilic SiCln alkylsilanes to form a silanol intermediate and 
HCl in an irreversible reaction [43-45]. The silanol intermediate has three –OH groups 
which can either bond to the Si-based mold surface or adjacent molecules to form Si-O-
Si bonds through loss of H2O, resulting in the formation of a monolayer of FDTS SAMs 
on the surface to create a low-energy surface [46]. 
 
 
Figure 10 Formation of a monolayer of FDTS molecules on SiO2. 
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1.3.4. Nanoimprint resist 
A suitable nanoimprint resist material is required to allow for easy deformation 
under an applied pressure and solidification to preserve the pattern of the impression. 
Therefore the resist material can be a thermal-plastic polymer, thermal setting polymer if 
its liquid precursor is used before NIL, or low-viscosity precursor which can be cured 
either thermally or by UV light. 
In thermal NIL, typically thermal plastic materials are used as the imprint resist. 
Considering the typical deformation behavior of a thermal plastic polymer (Figure 11) 
[47], the glass transition temperature (Tg) is defined as the onset temperature for 
molecular motion in polymers. At a temperature below Tg, the polymer is in a glassy 
state without any motion of polymer chains. Above Tg, local motion of polymer chain 
segments takes place and the viscosity of the polymer decreases as the temperature 
increases. With a further increase in temperature, motion of entire polymer chain takes 
place and the polymer is melted to the viscous liquid flow state. It is perceived that 70–
80 ℃ above the Tg of the material is an optimal imprinting temperature which can be 
used to acquire excellent imprinting patterns. 
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Figure 11 Typical deformation behavior of thermal plastic polymers as a function of 
temperature [47]. 
 
For many applications, a lower temperature in processing is desirable, which 
refers to a lower Tg of material used. Many factors increase the Tg value including 
intermolecular forces, branching, cross-linking, and bulky and stiff side groups. The 
molecular weight of the polymer chain has a significant impact on the viscosity. 
Polymers with lower molecular weight than the so-called critical molecular weight (Mc) 
can be imprinted at lower temperature. Therefore linear chain polymers with low 
molecular weight typically have lower Tg. However, a low-Tg material imprinted pattern 
is also unstable and tends to decay at temperatures close to the imprinting temperature. 
This is a trade-off between the imprint temperature and thermal stability. Above all, a 
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proper material needs to be selected with consideration of these factors. There are 
commonly used imprint materials including poly(methyl methacrylate) (PMMA), 
polycarbonate (PC), polystyrene (PS) and etc. 
For UV NIL, the resists commonly are UV-curable liquid precursors. The liquid 
state of UV resists naturally satisfies the low viscosity and Young's modulus 
requirements. A UV resist is essentially composed of three basic components: a 
monomer (or oligomer), a cross-linking agent and a photo-initiator. The monomer can 
either be an acrylate [48, 49] or epoxy [50-55]. The cross-linking agent is a molecule 
used to make the polymer chains cross-linking and provide mechanical stability because 
of its larger number of functional groups than that of the monomer. The photo-initiator is 
used to initiate the polymerization reaction by activating the functional groups. Many 
companies such as Nanonex, Micro Resist Technology, AMO, MII and etc. have 
provided commercial resists for UV NIL.  
 
1.3.5. Pattern transfer 
Figure 12 illustrates two ways in pattern transfer to the substrate. After patterning, 
the polymer residual layer is removed by oxygen RIE and the remained polymer patterns 
can serve as a resist template to transfer pattern to the underlying substrate. Both positive 
and negative mold pattern can be replicated on the substrate depending on the ways of 
subsequent pattern transfer. For the direct transfer, the polymer patterns are used as a 
mask to provide Si/SiO2-RIE etch resistance. Si material in the exposed region is etched 
away by a RIE process, which directly transfer reverse mold pattern to the underlying 
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substrate. For the indirect transfer, a layer of metal is evaporated over the patterned resist, 
followed by a lift-off process to maintain a reversely hard mask on the substrate. This 
hard mask is used in etching process to produces relief structures on the substrate. In this 
way, the same mold patterns can be replicated exactly on the substrate. This versatile 
pattern replication makes NIL more flexible and attractive. 
 
 
Figure 12 Two ways for pattern transfer to the substrate.  
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1.3.6. NIL applications 
NIL is a promising next generation lithography technique, which can be applied 
in many applications because of its high resolution, low cost and easy fabrication. It has 
been widely used in many fields of not only nano-electronics, but also nano-photonics 
and biomedical sciences, typically including tunable grating filter [56], data storage [11, 
18, 57, 58], nano-electronic devices [11, 15, 16, 59, 60], optical devices [18, 61-65], 
photo detector [66], and bio chips [67, 68]. 
 
1.4 Thesis Organization  
The primary objective of this study is to propose new schemes to overcome the 
limitations in the throughput and the density of pattern defects of current NIL process. 
The development focuses on exploring new methods and material beyond conventional 
nanoimprint by utilizing three factors: mold, the interface between mold and resist, and 
resist. The mold used in NIL plays the same role as the photomask in photolithography. 
The second chapter of this thesis presents a synergistic thermal and UV nanoimprint 
lithography (STUV-NIL) mold, which combines thermal and UV imprints into one 
module by using a transparent mold with an integrated heater. Chapter three investigates 
the thermal behavior of polycarbonate gratings after thermal annealing for large-area and 
high throughput application. Since NIL replies on close contact between the mold and 
polymer layer, surface adhesion between the mold and the resist directly determines the 
ease of demolding and affects the pattern quality. Chapter four takes advantage of PC 
residual layer to treat the mold surface as a new low surface energy surfactant. In UV 
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NIL, polymerization shrinkage stress in polymer resist contributes to the overall 
demolding force, resulting in pattern decay after demolding. Chapter five investigates 
and optimizes the chemical composition of a new UV resist by adding spiro-
orthocarbonate to hinder the polymerization shrinkage in UV NIL. The last chapter of 
this thesis will give a conclusion of this work.  
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CHAPTER II 
 A SYNERGISTIC THERMAL AND UV NANOIMPRINT LITHOGRAPHY (STUV-
NIL) 
 
2.1 Introduction 
As discussed in the introduction section, nanoimprint lithography (NIL) has been 
envisioned as one of the next generation lithography techniques with high throughput 
and low cost since the first demonstrations on thermal and UV NIL [9, 11, 26]. However, 
both conventional thermal and UV NIL have several limitations. Conventional thermal 
NIL commonly imprints thermal-plastic polymers upon heating to 70–80 ℃ above the 
glass transition temperature (Tg) of the used materials for a significant reduction in the 
resists’ viscosities. A long process cycle time is necessary in thermal NIL for the heating 
up and cooling down stages and hence leads to a limitation in the throughput of the NIL 
process. In addition, high imprinting temperature puts greater demands on the equipment 
setup and therefore increases the cost. UV NIL is usually imprinted at room temperature 
because the lower viscosity of UV curable resists easily ensures full filling of the 
features of the mold. However, a big challenge in UV NIL is a high rate of defect 
generation during the demolding process [28, 29, 69]. A lot of efforts have been devoted 
to conquer these problems in thermal and UV NIL. In this study, we present a synergistic 
thermal and UV nanoimprint lithography (STUV-NIL) by using a transparent 
 21 
  
nanoimprint mold with an integrated heater in order to combine the advantages of both 
thermal and UV NIL together and meanwhile overcome the respective limitations.  
 
2.2 A Designed Nanoimprint Mold with an Integrated Heater  
The designed nanoimprint mold with an integrated heater is constructed by an 
indium tin oxide (ITO) layer deposited on the fused silica mold with metallic films for 
electric contact (Figure 13). The ITO heater is conductive and capable of providing 
excellent optical transparency in visible and UV light wavelength range. Figure 14(a) 
and (d) show an ITO layer (red part) is coated on the top of the mold with metal stripes 
(blue part) patterned on two edges of the ITO layer. Once applying power to the 
electrodes, electric current is generated through the conductive ITO layer. Because of 
Joule heating, the underlying mold can be heated to a high temperature. Another 
meander-shaped heater is designed on the mold as illustrated in Figure 14(b) and (e). For 
this design, the mold is firstly masked using masking tapes (Scotch) to form the desired 
pattern. After the ITO layer deposition, the removal of the masking tapes forms 
patterned ITO structure, followed by two electrodes patterned at both ends. The 
patterned heater allows higher resistance or voltage. The third one is a meander-shaped 
heater covering the whole layer (Figure 14(c) and (f)). This design keeps the resistance 
large while maintaining uniform heating.  
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Figure 13 Schematics of integrated transparent metal oxide resistor on transparent 
quartz or fused silica mold. 
 
 
Figure 14 Schematics of three heater-integrated mold designs: (a) uniform layer heater; 
(b) meander-shaped resistor as a heater; (c) meander-shaped heater covering the whole 
layer. (d), (e), and (f) are top views of (a), (b), and (c), respectively. 
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For the imprint process with the STUV mold, Figure 15 shows schematics of 
thermal NIL process with heating ITO layer on mold. The STUV mold is brought into 
close contact with the thermal-plastic polymer resist on the substrate. Upon heating up to 
above its Tg by applying a power to the heater, the polymer melts and reflows to fill the 
features of the mold under a suitable pressure. After a certain holding time to allow 
sufficient polymer reflow for full filling of the features, the mold is cooled down to the 
ambient temperature for the patterns to solidify. Then the mold is separated, while the 
patterns are maintained on the substrate. 
 
 
Figure 15 Thermal NIL process with heating ITO layer on mold. 
 
 
Figure 16 Synergistic thermal and UV NIL process by nanoimprint mold with integrated 
heater. 
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Alternatively, ITO can be replaced by other transparent and conductive oxides, 
such as fluorine doped tin oxide (FTO) and aluminum doped zinc oxide (AZO). The 
transparent property of these oxides allows UV light to transmit the quartz mold to cure 
the UV-curable resist, and the heating property provides a higher temperature rather than 
the ambient temperature. Therefore, thermal and UV curing can be achieved 
simultaneously. The process schematics are shown in Figure 16. The mold is firstly 
imprinted in the UV curable polymer on the substrate under a low pressure. The low 
viscosity of the resist easily ensures full filling of the features of the mold. The whole 
assembly is then heated up to a high temperature by applying a power to the electrodes. 
While maintaining the temperature and pressure, the assembly is exposed to a UV light. 
The UV-induced polymerization process converts the liquid resist patterns to solid form; 
this polymerization process can be accelerated under a high temperature. Additionally, 
the demolding process at a temperature higher than room temperature may also help in 
reducing mold-resist adhesion and hence defect generation. 
 
2.3 Simulation 
For the heating process simulation, COMSOL Multiphysics is used in this study. 
In the model, a whole ITO layer with a thickness of 200 nm is coated on a 25 mm × 25 
mm × 1 mm mold as the model in Figure 14(d). Two electrodes with dimensions of 1 
mm × 25 mm are patterned on two edges of the ITO layer. 
Firstly, a constant voltage of 2.75 V is applied to the electrodes, and the trend of 
temperature with time is obtained as simulated in Figure 17. The temperature rises 
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dramatically in the beginning 200 s, and then the increase gradually becomes sluggish 
and finally reaches an equilibrium state. After 1000 s, the temperature is stable and fixed 
at 100 ℃.  
 
 
Figure 17 Simulated temperature of the mold as a function of heating time with the 
uniform layer heater for reaching 100 ℃. 
 
The equilibrium is obtained by the balance between heat generation by Joule 
heating and heat dissipation by convection. The power of heat generation is determined 
by the applied voltage and the resistance of the ITO resistor. The power of dissipation is 
determined by the heat transfer coefficient of air and the temperature difference between 
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the mold and environment. We use 5 W/(m2∙K) as the value of heat transfer coefficient, 
which stands for natural air convection. For the heating process, at first, the power of 
heat generation is larger than that of heat dissipation because of the small temperature 
difference between the mold and environment. The resultant heat accumulation leads to 
a gradual increase in the mold temperature. The higher the mold temperature is, the 
larger the power of dissipation would be. When the power of dissipation is increased and 
equaled to the power of generation, an equilibrium state is obtained, which leads to a 
stable temperature.   
Secondly, a series of different voltage values are given as parameters, and the 
relationship of stable temperature and input voltage is simulated as shown in Figure 18. 
The result suggests that the process temperature can be precisely controlled by adjusting 
the input power, which meets the imprint temperature requirements for various resist 
materials in NIL processes. 
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Figure 18 Temperature-voltage curve of the mold with uniform layer heater. 
 
            The NIL process could be conducted when the mold reaches the target stable 
temperature. But as seen in Figure 17, it costs about 1000 s to reach a stable temperature 
at 100 ℃. For a higher stable temperature, it takes even longer time for the thermal cycle, 
which significantly limits the throughput of fabrication. Therefore a faster heating 
method is demanded. To meet the purpose of fast heating, a two-step biasing is used in 
the simulation, which is a higher voltage pulse for quick heating followed by a low 
voltage bias to maintain the temperature. The temperature of the mold as a function of 
heating time for quick heating is simulated in Figure 19, which presents the targets of 60 ℃ 
for STUV-NIL and 150 ℃ for thermal NIL. In Figure 19(a), 15 V is applied for the first 
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3 s for a rapid heating, followed by applying a small voltage of 2.05 V. The value of 
2.05 V corresponds to the stable temperature 60 ℃, which is obtained in Figure 18. In 
Figure 19 (b), after a fast heating of 15 V for the first 8.5 s, a corresponding voltage of 
3.27 V to 150 ℃ is applied. For rapid heating, a high voltage or power input is given 
firstly. When the temperature approaches to the desired value for NIL fabrication, the 
input is then changed to a smaller voltage corresponding to the temperature in 
equilibrium state. The simulation results show that the time needed to reach a stable 
temperature for NIL can be shortened to tens of seconds. Rapid thermal cycles in 
practical experiments lead to a relatively high throughput in nanoimprint.  
 
 
(a)                                                           (b) 
Figure 19 Simulated temperature of the mold with uniform layer heater as a function of 
heating time with dynamic input power: (a) 60 ℃ for synergistic thermal and UV NIL; 
(b) 150 ℃ for thermal NIL. 
 29 
  
2.4 Experimental  
The fused silica molds with dimensions of about 10 mm × 10 mm × 1 mm are 
prepared with desired micro-features by lithography and RIE processes.  A layer of ITO 
thin film with a thickness of 200 nm was coated on each mold using electron beam 
deposition, followed by annealing the device in a 500 ℃ N2 convection oven for 5 min. 
The resulting sheet resistance of the annealed ITO layer was ~8 Ω/square. Two copper 
tapes (1 mm width and 0.05 mm thick) were used as electrodes on two edges of the ITO 
layer for smooth generation of electric current through the ITO layer for uniform Joule 
heating. Electrical wires were attached to the copper stripes to form connections to 
external control circuits. The power source was supplied by RIGOL DP1308A 
Programmable DC Power Supply. The heater surface temperature was detected by 
OMEGA OM-DAQPRO-5300-UNIV Data Recorder associated with PT100 RTD. As a 
consequence, the mold can be heated up and maintained constantly at an elevated 
temperature.  
For NIL, the mold was immersed into heptane solution with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS, TCI Co.) for 10 min for the surface treatment, 
which is prepared for easy demolding. A layer of UV nanoimprint resist was spin-coated 
on a SiO2 substrate for STUV-NIL and a layer of thermal nanoimprint resist was coated 
for thermal NIL. 
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2.5 Results and Discussion   
The relationship curves between the temperature and input power in air ambient 
condition (Figure 20(a)) and in manual hydraulic press machine (Figure 20(b)) were 
obtained. It is shown that the temperature is proportional to the input power in both 
figures. A larger input power is required in manual hydraulic press machine for the same 
temperature because of its larger dissipation through platens. 
 
   
(a)                                                                   (b) 
 Figure 20 Temperature-power relationships in (a) ambient condition and (b) manual 
hydraulic press machine.  
 
As discussed in the simulation, a dynamic input is proposed for fast heating 
process. In experiments as described in Figure 21(a), a large input of 15 W was applied 
for the beginning 7 s, followed by using a corresponding 2.4 W for 60 ℃ . It is 
demonstrated that a stable 60 ℃ is reached rapidly within 10 s in the manual hydraulic 
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press machine. In Figure 21(b), it takes about 30 s to reach a constant 140 ℃.  In the 
process, 15 W is applied in the first 22 s, which is then followed by a corresponding 
power of 8.8 W. The time can be further shortened by using larger power than 15 W in 
the first stage for faster heating. Above all, it is verified that the thermal cycles can be 
shortened to the order of 10 s, which results in effective improvement in the throughput. 
 
 
(a)                                                           (b) 
Figure 21 Experimentally measured temperature of the mold as a function of heating 
time with dynamic input power: (a) 60 ℃ and (b) 140 ℃. 
 
The FDTS-treated mold is applied in STUV-NIL to imprint patterns on the resist-
coating substrate. UV curable imprint resist is spin-coated on a substrate and pressed by 
the mold with a low pressure. While maintained being pressed, the whole assembly is 
heated by applying a 2.4 W to achieve a 60 ℃ stable temperature, followed by UV 
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irradiation for curing. The wavelength used for UV curing is 365 nm and the exposure 
dose is 7.1 mW/cm2. After cured for 1 min, the mold is released and the resist replicated 
the pattern from the mold as shown in Figure 22. The SEM image suggests good quality 
of curing for the resist under thermal energy and UV light simultaneously. This means 
STUV-NIL can be an effective NIL technique for fabricating micro- and nanostructures. 
 
 
Figure 22 SEM images of (a) imprinted resist by synergistic thermal and UV NIL with 
integrated heater at about 60 ℃ and (b) the imprint mold. 
 
For thermal NIL only, the mold is brought into close contact with the thermal 
nanoimprint resist coating substrate. The whole assembly is heated by applying a 8.8 W 
power to achieve a 140 ℃ stable temperature. When the desired temperature is reached, 
the mold is pressed into the underlying resist under a pressure of 5 MPa in the manual 
hydraulic press machine. After maintaining the temperature for 5 min, the assembly is 
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cooled down to the room temperature (RT). Then the mold is released from the substrate 
and the solidified patterns are formed on the substrate, which is shown in Figure 23. The 
high-quality pattern in the SEM image also indicates the STUV mold can be effectively 
used in thermal NIL only.   
 
 
Figure 23 SEM images of (a) imprinted resist and (b) cross-section of imprinted resist 
by thermal NIL with integrated heater at about 140 ℃. 
 
2.6 Summary and Discussion  
In summary, we have demonstrated a new STUV-NIL technique by integrating a 
transparent mold with a transparent heater. The feasibility of STUV-NIL technique has 
been verified by simulations and experiments. Micro-scale patterns with high quality 
have been fabricated by STUV-NIL, which may lead to improvements in defect and 
throughput issues. 
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For conventional thermal and UV NIL, large-volume setups are required 
respectively in terms of different imprinting conditions, i.e. heating setups and UV light 
sources. The new STUV-NIL can combine these two NIL techniques into one module 
while satisfying all requirements for different nanoimprint modes. This design would 
significantly simplify the expensive NIL setups and therefore reduce the cost.   
For conducting thermal NIL only with the module, it only takes 30 s to heat the 
mold to a target temperature of 140 ℃. Compared with several minutes in conventional 
thermal NIL, the throughput is greatly improved and enhanced. Additionally, in 
conventional thermal NIL, the whole press platens (made of Al with a cylindrical 
volume of 2 × 3.14 × 52 × 2 cm3) need to be heated up during nanoimprint process. In 
STUV-NIL, it only needs to heat the SiO2 mold with a volume of 10×10×1 mm
3. 
Considering the differences of specific materials heat capacity and density, it needs 3000 
times more energy for conventional thermal NIL process than that in our local heating 
technique to conduct the curing process at the same temperature. The capability of 
saving energy and cost makes the STUV-NIL to be a potential technique for mass 
production commercially. Moreover, the conventional thermal NIL cannot implement 
step-and-repeat mechanism for nano-patterning over a large substrate because 
subsequent NIL requires heating to above the glass transition temperature (Tg) of the 
polymer resist, which will inevitably destroy the nanostructures formed in preceding 
nanoimprints. In STUV-NIL, the limited heating area makes it feasible to achieve the 
step-and-repeat capability in thermal NIL for large-area polymer patterning.  
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In STUV-NIL, it allows UV NIL to be done at a high temperature, which leads to 
a faster curing and more completed polymerization. This shortened the exposure time 
and thus improved the throughput. Also, demolding at an optimal temperature higher 
than room temperature would help to reduce the demolding force, and hence reduce 
defect generation [70]. In the STUV-NIL technique, the demolding temperature can be 
precisely controlled to the optimal value for better pattern quality. Moreover, the STUV-
NIL can simplify conventional imprint methods through one-step processing for some 
special materials, such as SU8, which needs both heat and UV light treatments when 
imprinted [71]. Therefore the throughput is enhanced. 
In all, this new technique has numerous advantages over conventional thermal 
and UV NIL in improving throughput and reducing defects. We expect the STUV-NIL 
can bring about greater versatility in NIL processes. 
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CHAPTER III 
 EXCEPTIONAL THERMAL STABILITY OF THERMOPLASTIC POLYMER 
NANOSTRUCTURES 
 
3.1 Introduction to Thermal Behavior of Thermoplastic Polymers  
Nanoimprint lithography (NIL) is a high throughput and low cost patterning 
technique, which has been developed to overcome the resolution limit of 
photolithography [72]. NIL forms nanoscale patterns in a thermoplastic polymer film by 
deforming the polymer under high pressure at an elevated temperature with a hard mold. 
In recent years, both UV [26] and thermal [11] nanoimprint have demonstrated sub-10 
nm resolution. However, there still remain various issues for the acceptance of imprint-
based technology in industrial applications. For thermal NIL, a critical issue in terms of 
pattern stability is related to internal stress relaxation at temperatures close to or even 
below the glass transition temperature (Tg) of the polymer after imprinting [73].   
             The reflow behavior of polymer micro- and nanostructures fabricated by thermal 
NIL has been widely investigated [74, 75]. In general, dramatic thermal expansion can 
be observed by thermal annealing of the polymer patterns at temperatures above Tg, and 
with extended annealing, the pattern shape was no longer maintained due to excessive 
polymer flow. In this work, we observed and investigated the unusual reflow behavior of 
polycarbonate gratings after thermal annealing. 
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3.2 Experimental 
Polycarbonate is a widely used transparent amorphous thermoplastic material 
with a glass transition temperature (Tg) of 150 ℃. Polycarbonate resin with average 
molecular weight (Mw) of 30900 was supplied by Scientific Polymer Product Inc.; 0.6 
wt%, 1 wt% and 2 wt% polycarbonate solutions were prepared by dissolving 
polycarbonate powders into cyclopentanone solvent. Figure 24 shows a schematic of 
polycarbonate nanoimprint and thermal annealing processes: polycarbonate thin films 
with different thicknesses were obtained by spin-coating the prepared solutions on SiO2 
substrates (Figure 24(a)). Then these polycarbonate films were imprinted by a 600 nm 
period (50% duty cycle, 190 nm depth) SiO2 grating mold at 220 ℃ and 5 MPa as 
shown in Figure 24(b). The residual layers were removed by oxygen reactive ion etching 
(RIE) treatment after nanoimprint in Figure 24(c). The resultant polycarbonate gratings 
were characterized by atomic force microscopy (AFM) (Bruker Dimension Icon); 
different grating heights of 25 nm, 56 nm and 103 nm, respectively, were obtained. 
Finally these polycarbonate gratings were annealed on a hot plate at 250 ℃ for 30 min to 
induce polymer reflow in Figure 24(d).   
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Figure 24 A schematic of polycarbonate nanoimprint and thermal annealing: (a) 
polycarbonate resist on a substrate; (b) thermal nanoimprint to form polycarbonate 
nanostructures; (c) oxygen RIE to remove the residual layer after nanoimprint; (d) 
annealing of polycarbonate nanostructures on a hot plate at elevated temperatures to 
induce polymer reflow. 
 
3.3 Results and Discussion 
The AFM images for polycarbonate nanostructures after 30 min annealing at 
250 ℃ are shown in Figure 25. Apparently, Figure 25(a) shows the original 25 nm 
polymer gratings are piled up with smaller dimensions (~16.67%) than those of the mold. 
When annealed at a temperature above Tg, the thin PC film would dewet on the substrate 
resulting in pattern shrinkage.  
 
 39 
  
 
(a) 
 
(b) 
 
(c) 
Figure 25 AFM images for various polycarbonate gratings after 30 min annealing at 
250 ℃ with initial thicknesses of (a) 25 nm, (b) 56 nm and (c) 103 nm.                
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For the same polycarbonate gratings with a height of 56 nm, it was 
experimentally observed that the annealed polycarbonate patterns tend to stay stable in 
Figure 25(b). The fact that no change of dimension after annealing clearly shows that the 
polycarbonate patterns exhibited unusual stability at temperatures well above its Tg. 
When the gratings height is increased to 103 nm, the annealing tests revealed a very 
different trend. All polycarbonate nanostructures showed significant diameter increase 
due to pattern relaxation in Figure 25(c). These results suggested that the polycarbonate 
thickness determines the final equilibrium state, which can be explained by the 
mechanism of polymer chain entanglement in the following sections. 
 
3.4 Polymer Chain Entanglement  
For low molecular weight polymers, the polymer melt dynamics theory is 
described by Rouse model (Figure 26(a)). This model based on an isolated polymer 
chain with low molecular weight polymer in low concentration solution. In Rouse model 
[76], the low molecular weight polymer chains are described as beads, which are 
connected by springs in a stochastic background. According to Rouse model, the self-
diffusion coefficient of polymer is D∝N-1 and the viscosity η∝N, where N is the degree 
of polymerization. 
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Figure 26 Chain schematics of (a) Rouse model and (b) tube confinement [77]. 
 
For polymers with high molecular weight, the theory for polymer melt dynamics 
is described by reptation model (Figure 26(b)). The reptation model described that a 
single chain is confined within a tube surrounded by other chains because of polymer 
chain entanglement. For large molecular weight polymers, the diffusion of a single chain 
towards the lateral direction of its backbone is limited by the interpenetrating of 
surrounding polymer chains. The overall diffusion coefficient is reduced (D∝N-2 and η
∝N-3.4) [78, 79]. The entanglement molecular weight Me is defined for a given polymer 
that if M<Me the Rouse model dominates while if M>Me the reptation model overtakes 
the Rouse model. In this work, polycarbonate (Mw=31k) is used with an experimental 
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and theoretical entanglement molecular weight of 1K [80, 81], which renders 31 Me for 
the resist of polycarbonate. Therefore it is well-entangled. 
It was demonstrated that the reflow behavior of well-entangled polycarbonate 
nanostructures exhibit strong dependency on the pattern thickness. Figure 27 illustrated 
different reflow behavior related to the initial pattern thickness. Three regions – 
dewetting, stability and relaxation – were observed with increasing pattern thickness. 
Shallow nanostructures of polycarbonate showed exceptional stability upon thermal 
annealing at temperatures well above Tg and dewetting can be observed. For relatively 
thicker nanostructures, although pattern relaxation was observed at the initial stage of the 
thermal annealing process, stable patterns formed after reaching the “end point” of the 
reflow, which relied on the initial thickness of the pattern prior to thermal annealing. In 
addition, a transition region between dewetting and wetting behavior can be identified by 
careful control of the pattern initial thickness. In this region, no obvious pattern 
shrinkage or relaxation was observed upon thermal annealing.  
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Figure 27 Schematics of reflow behavior of thermoplastic polycarbonate gratings upon 
thermal annealing above Tg: (a) shallow patterns dewet on the substrate; (b) patterns 
remain stable and (c) thick patterns relax on the substrate.    
 
When a thin polymer film is annealed at a temperature above its glass transition 
temperature, the polymer film gradually relaxes to a stable state, which is determined by 
the surface properties of the polymer and substrate and the entanglement state of the 
polymer. For very thin polycarbonate layer, patterns are shrunk and piled up upon 
annealing ascribed to strong chain entanglement interactions to get away from the 
substrate. When the thickness is increased, the thick top portion would fall down and 
reflow because of gravity. Then the pattern would be spread while maintaining the shape. 
A well entangled network in thin polycarbonate film results in very sluggish chain 
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movement to maintain structural stability. Moreover, the interfacial interactions between 
the polymer structure and the substrate are also believed to hinder the motion of the 
polymer patterns [82].  
Based on the modules discussed above, the polycarbonate tube is sized with a 
radius of gyration Rg. According to 𝑅𝑔 = 0.038√𝑀𝑤  [83], it is 6.680 nm for 
polycarbonate with Mw = 30900. The relationship between the polymer dynamics and 
the grating thicknesses was studied in terms of the radius of gyration Rg. A series of 
grating heights were annealed at 250 ℃ for 30 min. The grating trench size pre- and 
post- annealing was collected by AFM and the normalized trench size, which is the ratio 
of post- over pre-annealing trench size, was calculated to characterize the 
wetting/dewetting behavior of the polycarbonate gratings. As illustrated in Figure 28, 
data points with normalized trench size larger than 1 indicated dewetting behavior of the 
patterns, or vice versa. For patterns with thickness ranging from 5 to 9 times of Rg, the 
value of normalized trench size is around 1, which implies that the polycarbonate 
patterns tend to stay stable upon thermal annealing. It opens up possibilities of step-and-
repeat thermal nanoimprint for large scale applications. In modern lithographic 
techniques, the resist layer thickness has reduced to sub-50 nm along with the reduction 
of the critical dimension. Very thin resist layer is required due to the constraint of 
height-to-width aspect ratio when patterning nanostructures. When the thickness is large 
than 9 times of Rg, the polycarbonate gratings spread upon thermal annealing and tend to 
wet the substrate. It ended up with stable structures and a reduction in the gap size. One 
application of pattern relaxation is to determine the “end point” of polymer reflow for 
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high resolution patterning. Thus the unusual annealing behavior of thin polymer 
nanostructures has wide impact on nanolithography.   
 
 
Figure 28 The plot of normalized trench size (the ratio of post- over pre-annealing 
grating trench size) vs pre-annealing grating height (in terms of Rg). 
 
3.5 Polymer Reflow of Polycarbonate Gratings 
      As is discovered, upon thermal annealing, the polycarbonate gratings with 
thickness more than 9 Rg ended up with stable structures despite initial reflow, leading to 
a reduction in the gap size. This phenomenon can be utilized as a high resolution 
patterning technique, which is further studied by the following tests. The polycarbonate 
(Mw = 36600) was thermally imprinted on SiO2 substrate by a SiO2 grating mold (700 
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nm period, 50% duty cycle, and 250 nm depth) and the heights of the patterns were 
controlled to be 150 nm and 70 nm by oxygen RIE. Then the samples were annealed at 
250 ℃ for 30 min to induce polymer reflow. The pattern feature sizes were characterized 
by JEOL JSM-7500F SEM. After thermal annealing, pattern relaxation was observed in 
150 nm gratings from Figure 29(a) to (b), which showed the grating gap size shrinkage. 
The annealed polymer grating features were transferred into the underlying SiO2 
substrate with CHF3 RIE process. After rinsing off the covered polymer, the transferred 
patterns on SiO2 can be observed in Figure 29(c) and (d). The trench widths between the 
SiO2 protrusions were reduced to 100 nm and 240 nm, with initial thickness of 150 nm 
and 70 nm, respectively. A smaller trench size was obtained from thicker gratings, which 
indicated that the trench widths after thermal annealing were related to the initial 
thickness of polycarbonate gratings.  
     The relationship between the trench widths after thermal annealing and the initial 
thickness of polycarbonate gratings was investigated by a serial of samples with 
individual grating thickness, which can be controlled by the oxygen RIE time. The trend 
of the trench width after annealing with the initial thickness was illustrated in Figure 30. 
The increasing initial thickness would result in decreasing the trench size. For the 
gratings with an initial thickness of 200 nm, a trench width as small as 35.0±5.2 nm was 
achieved in Figure 29(e), which was a 90% reduction of the original feature size. This 
technique could be employed for high resolution patterning in nanofabrication 
applications.  
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Figure 29 (a) Polycarbonate gratings (700 nm pitch, 50% duty cycle and ca.150 nm 
height) fabricated by thermal NIL and oxygen RIE; (b) polycarbonate gratings after 
thermal annealing at 250 ℃ for 30 min; (c) SiO2 gratings by CHF3 RIE from (b); (d) 
SiO2 gratings by CHF3 RIE from polycarbonate gratings with ca.70 nm height; and (e) 
35 nm polycarbonate trenches. Inserts are at higher magnification. 
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Figure 30 The plot of trench sizes after thermal annealing as a function of the initial 
height of the grating before thermal annealing. 
 
3.6 Summary and Conclusion 
In summary, the exceptional thermal stability of polycarbonate nanostructures on 
SiO2 substrate at temperatures well above its glass transition temperature was 
investigated in this chapter. The phenomenon is ascribed to strong polymer chain 
entanglement in thin polycarbonate films, which results in very sluggish chain 
movement to maintain structural stability. The reflow behavior of polycarbonate gratings 
and the dimension information showed that three regions – dewetting, stable and spread 
were observed at various thicknesses. The relationship between the thermal behavior of 
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polycarbonate nanostructures and the initial thickness was studied in terms of Rg. The 
nano-structures with the height of 5 ~ 9 Rg could maintain their original morphology at 
temperatures well above Tg. Given the stability issue for thermoplastic polymer patterns 
at temperatures close to or above Tg, this technique opens up a great possibility for step-
and-repeat thermal nanoimprint [84] for large scale applications with high throughput. 
For polycarbonate gratings above 9 Rg, it was observed that stable structures were 
formed despite initial reflow and the trench sizes between the gratings were reduced and 
determined by the initial grating thickness.  In this study, trenches down to 35 nm wide 
were achieved by carful control of the initial thickness. This phenomenon can be utilized 
for high-resolution polymer patterning by determining the “end point” for polymer 
reflows. We have embarked on the corresponding experiments and promising results are 
expected in the near future.  
 
 50 
  
CHAPTER IV 
 ANTI-STICKING EFFECTS OF POLYCARBONATE RESIDUAL LAYER IN 
NANOIMPRINT LITHOGRAPHY 
 
4.1 Introduction 
Nanoimprint lithography (NIL) [9, 10, 47, 85, 86] is a potential candidate for the 
next-generation lithography techniques for various nanostructure applications with low 
cost and high throughput [16, 18, 19, 22, 87]. In both thermal and UV NIL, a mold with 
a protruding/recessed surface pattern has a large total surface area that comes in direct 
contact with the imprinted polymer during imprinting. The adhesion between the 
polymeric material and the mold plays a key factor in this process. One of the most 
important problems typically encountered by NIL is the strong tendency of adhesion of 
the resist polymer to the mold surface during the demolding process. Adhesion effects 
will reduce the lifetime of the mold, degrade the quality of replication, and make the 
processing procedures complicated. One approach to reduce the resist polymer adhesion 
is to apply a thin fluorinated self-assembled monolayer (SAM) to a mold prior to 
imprinting as an anti-sticking layer. However, with repeated imprinting, the wearing and 
stability of the SAM is prone to degradation during imprinting process. This degradation 
requires the periodic reapplication of the SAM, which could be a critical issue for the 
acceptance of imprint-based technology in industrial applications. 
Polycarbonate (PC) is a high performance polymer with a high glass-transition 
temperature (Tg = 150 ℃) and low surface free energy (34.2 mJ/m2). Poly(methyl 
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methacrylate) (PMMA), a commercial thermal plastic material, has been mostly used as 
NIL resist. The phase behavior of a two binary PC/PMMA blend system upon heat 
treatment has been studied [88-90] and has shown no reactions or strong specific 
interactions between PC and PMMA components. In this work, we propose the 
application of PC as an anti-adhesive layer to a SiO2/Si nanoimprint mold for use in 
PMMA NIL.  
Raman spectroscopy has helped obtain molecular information in polymer 
materials. The Raman spectra of PC have been studied by a number of studies. In our 
work, we measured Raman spectra of imprinted PC under various treatments to examine 
PC at the molecular level. By the Raman spectroscopy study, it is possible to understand 
the bonding process of polymer in nanoimprint lithography and obtain information about 
the distribution of PC on SiO2 surface.  
 
4.2 Experimental  
Two SiO2 grating molds (a 600 nm period and 50% duty cycle) with 190 nm 
grave depth were prepared. One was coated with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (FDTS) and the other has no special treatment. 
Polycarbonate resin with average molecular weight of 30900 was supplied by Scientific 
Polymer Product Inc. 3 wt% polycarbonate solution were prepared by dissolving 
polycarbonate powders into cyclopentanone solvent. Polycarbonate thin film was 
obtained by spin-coating the prepared solution on SiO2 substrate, followed by solvent 
removal on a hotplate for 3 min at 90 ℃. Both molds were carried out the imprinting 
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process on PC thin film at 220 ℃ under a pressure of 5 MPa for 5 min. Raman spectra in 
the range of 1050-3200 cm-1 were measured on a DPSS laser (Laser Quantum) excited 
Raman spectrometer (Horiba LabRAM HR Evolution) with a spectral resolution of   
0.65 cm-1.  The continuous source emits at 512 nm and has a power of about 25 mW.  
The beam was passed along the axis of a 5 um diameter rod. We measured the water 
contact angle of the mold surface using a commercially available contact angle meter 
(VCA Optima, AST Products, INC.). 800-um-thick PMMA sheets purchased From 
Mitsubishi Rayon Co., Ltd. were used for nanoimprinting. The pattern was measured by 
using atomic force microscope (Bruker Dimension Edge AFM). 
 
4.3 Results and Discussion  
 
4.3.1. PC imprinted by the FDTS treated mold 
Figure 31(a) shows the atomic force microscopy (AFM) of PC imprinted by the 
FDTS treated mold. The imprinted PC pattern is etched by inductively coupled plasma 
(ICP) for residual layer removal, as shown in Figure 31(b). Then the etched sample is 
rinsed off with cyclopentanone for 10 min. Figure 31(c) shows that 6.4±0.7 nm thick 
PC gratings remained and adhered to the substrate after the rinse. It is exhibited polymer 
bonding to the SiO2 substrate during thermal imprinting. Therefore, for PC imprinted 
with the bare SiO2 mold, a thin layer of PC should be applied to the mold surface. 
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(a) 
 
(b) 
 
(c) 
Figure 31 AFM images of imprinted PC patterns: (a) NIL at 220 ℃ and 5 MPa; (b) NIL 
and 35 s ICP treatment; (c) rinse off ICP treated gratings with cyclopentanone-acetone-
IPA for 10 min. 
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4.3.2. Raman spectroscopy  
The Raman spectrum of PC thin film is recorded and shown in Figure 32. Our 
measurement of 200 nm PC thin film is, in general, in excellent agreement with previous 
studies [91-93]. There are intense bands due to C-H stretching in the region near 3000 
cm-1. The C=O stretching mode of PC appears at 1774 cm-1 and phenyl ring vibration 
mode appears at 1630 cm-1. The spectrum shows a considerable number of largely 
overlapped bands in the range below 1600 cm-1, which are associated with stretching of 
the O-C-O group.  
             The Raman spectrum of PC treated with: 1) NIL on SiO2 substrate, 2) NIL and 
ICP on SiO2 substrate, 3) NIL on the bare SiO2 mold were recorded after all samples 
were rinsed off with cyclopentanone. Figure 32 shows that for all treatments there are 
overlapping Raman modes in the region near 3000 cm-1, which demonstrates a PC 
residual layer is remained and bonded to SiO2 surface during thermal imprinting and it 
could not be removed with the rinse. It is also shown that PC bonding occurs on the bare 
SiO2 mold surface with imprint, which refers to coverage of PC residual layer on the 
mold surface after NIL. 
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Figure 32 The Raman spectrum of SiO2 substrate and PC under various conditions. 
 
4.3.3. Contact angle  
Figure 33(a) and (b) show the measured water contact angles of the blank and 
PC-coated mold surfaces, respectively. The water contact angle for blank mold is 39 ° 
while the markedly increased value of water contact angle for the PC-coated mold is up 
to 118.5 ° or 79.5 ° higher than that of the blank mold. This result indicates that the 
hydrophobic property of the mold surface is enhanced by the addition of polycarbonate. 
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Therefore, a PC thin film provides a sufficient contact angle for use as an anti-sticking 
layer on the mold. 
 
 
(a) 
 
(b) 
Figure 33 Photos of water droplets on (a) the blank mold surface; (b) the PC-coated 
mold surface. 
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4.3.4. PMMA sheet NIL    
The mold coated with PC was used to imprint PMMA sheets at 120 ℃ and 5 
MPa. Imprinting was repeated for more than 10 times. Figure 34(a) shows the AFM 
image of imprinted PMMA patterns after imprinting 10 times, whereas Figure 34(b) 
shows the overall image of the imprinted area. The PMMA gratings were successfully 
obtained with a great yield up to 100%. These results show the great potential and 
imprint durability of PC as an anti-sticking layer for thermal-NIL. 
 
          
(a)                                                              (b) 
Figure 34 (a) The AFM image of PMMA patterns imprinted by the PC-treated mold 
after imprinting 10 times; (b) an overall image of the imprinted PMMA sheet. 
 
4.4 Summary and Conclusion   
The PC thin film is suitable for the anti-sticking application of hot embossing 
nanoimprint lithography because of its high glass-transition temperature and good 
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durability. We demonstrated a thin layer of the PC film is deposited on SiO2/Si 
nanoimprint molds by NIL as an anti-sticking layer. PMMA thermal imprinting was 
achieved using the PC-coated mold. Furthermore, PC is a good UV-transparent material 
and is also expected to be suitable for deposition on UV-NIL molds made of transparent 
materials. The durability measurement will be conducted for future study. 
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CHAPTER V  
 VOLUME-EXPANSION POLYMERIZATION FOR UV-CURABLE 
NANOIMPRINT 
 
5.1 Introduction  
 Nanoimprint lithography (NIL) has been regarded as one of the next-generation 
lithography techniques due to its ability to fabricate nanoscale structures with low cost 
and high throughput. Although both thermal [9-11] and UV [26, 94, 95] NIL have 
demonstrated sub-10 nm resolution, the adoption of NIL by industry has been very 
limited. The main reason is that the density of pattern defects cannot satisfy the stringent 
requirement of commercial lithographic technique.  
The origin of pattern defects in nanoimprint can be linked to multiple factors. 
Some factors, such as dust particles and non-uniform imprint pressure, can be managed 
by better tooling or careful processing. However, the interaction forces at the mold/resist 
and resist /substrate interfaces are not easily controlled and they often contribute to 
defect generation during the demolding stage of NIL.  
UV-curing NIL is favored in microelectronic fabrication because its processing 
conditions are similar to optical lithography. However, the resist volume shrinkage after 
curing in UV NIL not only affects the pattern fidelity [86, 96-100] but also induces 
pattern defects in mold releasing step. Park et. al. [101] has experimentally demonstrated 
that both adhesion and friction force between mold and resist contribute to the total 
demolding force. When volume shrinkage occurs, the friction force increases 
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dramatically while the adhesion force remains nearly constant. The increase of friction 
force is due to the large residual stress exerted on mold sidewalls by the resist. 
Conventional techniques to lower demolding forces such as mold anti-adhesion coating 
and resist additive only address the adhesion part and have small effect on the friction 
force. Thus their effectiveness is limited and the demolding step is still a significant 
cause for defect generation. 
Since friction force is directly proportional to resist shrinkage, it may be 
conducive to reduce or even completely eliminate volume shrinkage in UV NIL. When 
UV-curable monomers polymerizes, the van der Waals interactions among monomer 
molecules are converted into covalent bonds. The van der Waals interaction range is 
around 3-5 Å while typical covalent bond lengths are 1-2 Å, thus volume shrinkage is 
unavoidable in traditional UV-curing resist formulations. Acrylate-based UV resists 
have a volume shrinkage in the range of 5% to 20%, while epoxy-based UV resists have 
a volume shrinkage in the range of 3% to 10%. 
Many methods have been employed to reduce the shrinkage, including inorganic 
additives, choosing monomers with low concentration of functional groups, and using 
bulky monomer molecules [53, 102-104]. Although they have some effectiveness in 
lowering volume shrinkage, these methods cannot completely remove shrinkage and the 
lower concentration of reactive groups often results in lower cohesive strength of the 
cured resist.  
In this work, we address the shrinkage issue in UV NIL by utilizing volume-
expansion polymerization. Spiroorthocarbonate is found to be able to undergo double 
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ring opening polymerization when catalyzed by photo acid at room temperature [105-
109]. The double ring opening process converts two covalent bonds into van der Waals 
interactions, which results in volume expansion. By mixing the spiroorthocarbonate 
monmer with an epoxy monomer, it is possible to adjust the volume shrinkage of the 
cured resist. We show that new UV NIL resist formulations containing various amounts 
of spiroorthocarbonate monomers can achieve zero volume change or even volume 
expansion after curing. The use of volume-expansion polymerization in UV NIL 
presents a capability to tune volume change in UV resist. It opens up a new route 
towards managing residual stress in cured structures, hence solving pattern fidelity and 
demolding force.  
 
5.2 Experimental   
 
 5.2.1. Synthesis and characterization of spiro-orthocarbonate 
In this study, 1,5,7,11-tetraoxaspiro[5,5] undecane (shown in Figure 35) has been 
introduced to the resist formula to compensate the volume shrinkage caused by the 
curing of commonly used epoxy compound. 1,5,7,11-tetraoxaspiro[5,5] undecane was 
synthesized through the reaction of tetramethyl orthocarbonate with 1,3-Propanediol 
[110], and the reaction profile is shown in Figure 35. Tetramethyl orthocarbonate (1.36 g, 
10 mmol) and ethylene glycol (1.24 g, 20.0 mmol) in dry xylene (33 mL) was added 
anhydrous p-toluenesulfonic acid (57 mg, 0.03 mmol) to form a heterogeneous mixture. 
The mixture was heated at a bath temperature of 110℃ for 9 h. During the reaction 
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methanol was distilled. The resulting product was cooled to room temperature, and then 
added a few drop of trimethylamine. The mixture was washed with aqueous NaHC03 and 
extracted with ether. The organic layer was dried through anhydrous MgSO4 and then 
evaporated. After recrystallized from methanol, the residual solid material was obtained. 
 
 
Figure 35 Reaction profile of synthesizing 1,5,7,11-tetraoxaspiro[5, 5] undeane. 
 
The synthesized product was characterized by 1H-NMR spectrum, which is 
shown in Figure 36. In the 1H-NMR spectrum, two peaks at 1.805 ppm and 4.059 ppm 
are attributed to the methylenes protons (CH2) and the methylenes protons adjacent to 
the ether oxygens (CH2O), and the area of the former peak is two times of the latter 
one’s, which is consistent with the structure of 1,5,7,11-tetraoxaspiro[5,5] undecane. The 
1HNMR data demonstrate the desired 1,5,7,11-tetraoxaspiro[5,5] undecane is obtained.  
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Figure 36 1HNMR spectrum of the synthesized product. 
 
5.2.2. Resist formulation and nanoimprint 
A SiO2 grating mold (a 20 um period, 5 um protrusion, and 15 um grave) is used 
in this study. The grating was fabricated on fused silica by lithography and reactive-ion 
etching with 300 nm grave depth. The mold surface was coated with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane for anti-sticking and easy mold releasing [111]. The 
nanoimprint resist is composed of an epoxy monomer (a representative structure is 
shown in Figure 37(a)), a spiro-orthocarbonate monomer (see Figure 35), and a 
photoacid generator (PAG) (Figure 37(b)). The mixtures of various spiro-orthocarbonate: 
epoxy compositions were prepared and all formulations have 5% photoacid generator. 
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Organic solvents, such as propylene glycol monomethyl ether acetate (PGMEA), could 
be used to dissolve spiro-orthocarbonate and adjust the viscosity of the resist so that a 
thin film could be obtained.  
 
                      
(a)                                                                     (b) 
Figure 37 Representative structures of resist materials. (a) Epoxy monomer; (b) 
Photoacid generator. 
 
The liquid resist was dripped on silicon oxide substrate, followed by solvent 
removal on a hotplate for 3 min at 90 ℃. The imprinting process was carried out at room 
temperature and a pressure of less than 0.1 MPa. The wavelength used for UV curing 
was 365 nm and the exposure dose was 7.1 mW/cm2. 
 
5.2.3. Characterization of imprinted structures 
Volume change is usually observed in UV-cured materials. To elevate the 
amount of the volume change, the pattern dimension was measured by using atomic 
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force microscope (Bruker Dimension Edge AFM). The structural information of the 
resist gratings patterned by nanoimprint was also investigated. Optical birefringence in 
gratings was directly visualized in a polarizing microscope with crossed-polarizers 
(Nikon Eclipse LV100POL). 
 
5.3 Results and Discussion   
 
5.3.1. Spiro-orthocarbonate in UV-curable resist 
The composed UV-curable resists with and without spiro-orthocarbonate were 
used to pattern desired structure with NIL. Figure 38(a) shows a pattern of pure epoxy, 
while Figure 38(b) shows a pattern of spiro-orthocarbonate: epoxy = 1: 2, after 
imprinting and curing. These results demonstrate that micro-scale patterns can be easily 
achieved with the composed resists. For pure epoxy resist without spiro-orthocarbonate, 
gratings contraction and distortion were observed because of volume shrinkage; for the 
resist with spiro-orthocarbonate, an obvious protrusion was seen at each edge of gratings. 
These protrusions demonstrate volume expansion by adding spiro-orthocarbonate in UV 
resist after curing. 
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(a)  
  
(b) 
Figure 38 AFM images of imprinted and UV-cured resist patterns: (a) pure epoxy; (b) 
spiro-orthocarbonate: epoxy = 1: 2. 
 
5.3.2. Volume-expansion in UV nanoimprint 
Figure 39 shows cross sections of the mold used for imprinting and imprinted 
samples. The amount of volume change was determined by comparing pattern 
dimensions after curing with the mold cavity width. The bottom of the mold cavity and 
the top portion of resist were measured by atomic force microscope (AFM). 
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Figure 39 Cross sections of mold and resist pattern. 
 
Table 1 Volume changes of various compositions. 
 
 
Table 1 shows the volume changes of various compositions. After curing, 
polymerizations of pure epoxy monomers proceed along with ~1.7% of volume 
shrinkage. Before a polymerization, there are van der Waals interactions among 
monomers and monomers exist apart from each other in a van der Waals distance 
(VDWD) ranging from 3 to 5 Å. After the polymerization, the van der Waals 
interactions are converted to covalent bonds that are usually smaller than the VDWD 
 68 
  
with a length of 1-2 Å [112]. As a consequence, volume shrinkage is unavoidable mainly 
from proximity of monomer molecules caused by the polymerization. Reactions of 
spiro-orthocarbonate: epoxy = 1: 2 indicate a relatively high expansion in volume 
(~3.85%). A double ring-opening polymerization of spiro-orthocarbonate causes a 
conversion of two covalent bonds to van der Waals interactions (Figure 40), resulting in 
offset of volume shrinkage or even volume expansion [112]. The ratio of spiro-
orthocarbonate to epoxy is optimized to 1 to 9 with a volume change of ~0.07%, which 
is approximate zero volume shrinkage. 
 
 
Figure 40 Spiro-orthocarbonate double ring opening polymerization. 
 
5.3.3. Residual stress in imprinted structures 
Volume shrinkage in a UV curable resist by polymerization induces residual 
stress and makes it difficult to release mold [86, 97, 100, 101]. According to Stress-
Optical law, the magnitude of the refractive index at each point in the material is directly 
related to the stress state at that point. Upon the application of residual stress in the 
grating lines, the imprinted material exhibits the property of optical birefringence. 
Visualization and quantitative measurement of residual stress is possible through optical 
birefringence measurement in polarizing microscope with crossed polarizers. 
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(a) 
  
(b) 
Figure 41 Polarizing microscope images of cured UV-resist gratings: (a) pure epoxy; (b) 
spiro-orthocarbonate: epoxy = 1: 9. 
 
The polarizing microscope images of UV-resist gratings are shown in Figure 41. 
In pure epoxy gratings (Figure 41(a)), dark images were observed when the grating line 
was parallel. If the incident light was polarized parallel to the gratings, the polarization 
state of the incident light would be unaffected and the polarized light would be 
completely blocked by the top crossed polarizer, leading to a dark image of the sample. 
When the gratings were rotated at 45 °, image emerged brighter at grating edges. This 
observation clearly demonstrates the optical birefringence due to residual stress in pure 
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epoxy gratings. The birefringence would cause an optical retardation and therefore rotate 
the polarization direction of the incident light and develop a net component along the 
polarization direction of the top polarizer, leading to a bright image of the sample. In 
Figure 41(b), no optical birefringence was exhibited in the mixture of spiro-
orthocarbonate: epoxy = 1: 9 patterns. Optical isotropy indicates there is no residual 
stress observed, which refers to zero volume shrinkage. These phenomena consist with 
the results we have measured before.   
 
5.4 Summary and Conclusion  
In summary, we have developed a new UV-curable resist based on cationic 
copolymerization of spiro-orthocarbonate and epoxy monomers. The liquid resist can be 
imprinted micro-scale patterns easily. The double ring-opening reaction during the 
polymerization overcomes volume shrinkage. With the composition optimization, zero 
volume shrinkage is achieved, which facilitates separation of the mold from the substrate 
after imprinting and increases the fidelity of the imprinted patterns. Nanoscale patterns 
and friction force measurement will be developed for further study. 
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CHAPTER VI 
 SUMMARY 
 
Nanoimprint lithography (NIL) is envisioned as the most promising candidate for 
the next-generation lithography due to its high resolution and throughput at a low cost.  
It is an inherently simple lithographic technique in which a hard mold with designed 
patterns is pressed directly into an organic resist spin-coated on a substrate. The patterns 
are solidified with applications of heat and pressure or shining of UV light and formed 
on the resist after releasing the mold. Both thermal and UV nanoimprint have 
demonstrated sub-10 nm resolution. Nowadays, NIL has been widely used in various 
applications, such as organic electronics, optoelectronics, and microfluidics. Although 
NIL has attracted much attention in the micro- and nano-fabrication fields, the adoption 
of nanoimprint in industry has been very limited and both conventional thermal and UV 
NIL have several limitations.   
Conventional thermal NIL commonly imprints thermal-plastic polymers upon 
heating to 70–80 ℃ above the Tg of the used materials for a significant reduction in the 
resists’ viscosities. A long process cycle time is necessary in thermal NIL for the heating 
up and cooling down stages and hence leads to a limitation in the throughput of the NIL 
process. In addition, high imprinting temperature puts greater demands on the equipment 
setup and therefore increases the cost. Moreover, multiple patterning cannot be 
implemented within the same substrate because subsequent imprint requires a high 
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temperature above the Tg, which will inevitably destroy the patterns formed in preceding 
imprint. Therefore large scale application is limited in thermal NIL. 
 UV NIL is usually imprinted at room temperature because the lower viscosity of 
UV curable resists easily ensures full filling of the features of the mold. However, a big 
challenge in UV NIL is a high rate of defect generation attributed to resist volume 
shrinkage and the demolding process.  
In this study, we concentrated on developing methods and material beyond 
conventional nanoimprint lithography and proposed new schemes to overcome the 
limitations of conventional NIL by utilizing three factors: mold, the interface between 
mold and resist, and resist. 
A new synergistic thermal and UV nanoimprint lithography (STUV-NIL) mold 
was fabricated by integrating a transparent mold with a transparent heater. This design 
enabled the imprinted resist to be cured by thermal energy and UV light spontaneously, 
which may lead to less defects and higher throughput.  
The exceptional thermal stability of polycarbonate nanostructures fabricated by 
thermal NIL has been investigated, which can be ascribed to chain entanglement in 
polymer thin film. We experimentally characterized the reflow behavior of 
polycarbonate nanostructures with various initial thicknesses in terms of Rg; three 
regions – dewetting, stability and relaxation – were observed with increasing pattern 
thickness. One application of pattern relaxation is to determine the “end point” of 
polymer reflow for high resolution patterning. In this work, a minimum trench size of ca. 
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35 nm was achieved with starting patterns of 700 nm pitch (50% duty cycle) gratings. 
This phenomenon could have wide impact on nanolithography. 
Polycarbonate (PC) has also been applied as an anti-sticking layer on 
nanoimprint molds, replacing the self-assembled monolayer currently used. A SiO2/Si 
mold was successfully coated with a PC thin layer by thermal imprinting. The 
hydrophobic property of the mold surface was enhanced by the addition of 
polycarbonate. Therefore, the PC thin film provides a sufficient contact angle for its use 
as an anti-sticking layer in NIL. PMMA resist gratings were successfully obtained by 
thermal NIL using the PC-coated mold with a great yield up to 100%. The PMMA 
patterns were maintained after repeating the imprinting for more than 10 times. It shows 
great potential and imprint durability of PC as an anti-sticking layer for thermal-NIL. 
For UV NIL, polymerizations are usually accompanied by volume shrinkage, 
which causes serious problems in the field of UV nanoimprinting, such as residual stress, 
demolding problems and defects. Thus, it is requisite to depress and overcome the 
volume shrinkage during polymerizations in UV nanoimprint. Epoxy-based UV resists 
have a volume shrinkage in the range of 3% to 10%.  “Expanding monomer”, which 
shows volume expansion during polymerization, has been conceptualized. Spiro-
monomer-bearing, compactly folded, labile bicyclic bonds such as spiro-orthocarbonate 
has been used as one of the candidates in this study. Spiro-orthocarbonate is a monomer 
that undergoes volume expansion upon cationic ring-opening polymerization. By mixing 
the spiro-orthocarbonate monomer with an epoxy monomer, it is possible to adjust the 
volume shrinkage of the cured resist or achieve zero volume change after curing. With 
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zero volume change, there will be no residual stress left in the cured resist structures. It 
is also expected that zero volume change of resist after curing will lower the separation 
energy required during demolding. Thus the nanoimprint pattern defects caused by 
residual stress and high demolding energy are expected to be reduced. 
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